Abstract-We have developed a gamma-ray imaging system that combines a high-resolution silicon detector with two sets of movable, half-keel-edged copper-tungsten blades configured as crossed slits. These apertures can be positioned independently be tween the object and detector, producing an anamorphic image in which the axial and transaxial magnifications are not constrained to be equal. The detector is a 60 mm x 60 mm, one-millimeter thick, one-megapixel silicon double-sided strip detector with a strip pitch of 59 f.tm. The flexible nature of this system allows the application of adaptive imaging techniques. We present system details; calibration, acquisition, and reconstruction methods; and imaging results.
I. INTRODUCTION
S MALL-animal SPECT imaging is a useful tool for study ing disease biology as well as monitoring response to treatment in rodent models. As interest has increased in imag ing small lipid plaques such as those found in Alzheimer's, Parkinsons, and atherosclerotic disease, so has the need for high-resolution imaging systems [1] . Some current pre-clinical systems achieve high resolution through high magnification, but with a concomitant loss of field of view (FOV) [2] - [4] . High-resolution imaging requires the use of smaller pinholes, although it is often necessary to use multiple such pinholes to maintain reasonable sensitivity, which ultimately limits the FOV [5] , [6] .
By combining an adaptive aperture configuration with a high-resolution detector, we are able to perform high resolution reconstructions using OSEM techniques. In this paper, we will discuss the design and construction of a prototype SPECT system which offers flexible anamorphic magnification in addition to high-resolution imaging and report on calibration and reconstruction methods.
II. AN AMORPHIC IMAGING
It is often the case in small-animal imaging that the propor tions of the animal do not match the proportions of the imaging detector: gamma cameras are often square, and imaging a full mouse body through a pinhole can result in unused portions of the camera face. Helical scanning techniques can make better use of the available detector area, though this requires multiple sets of acquisitions as the animal is stepped through the system's FOV [7] . As an alternative, it is also possible to fill the detector area by using anamorphic imaging techniques, A simplified diagram of a crossed-slit aperture configuration demonstrates the effects of anamorphic imaging. Separated slits decouple the magnification in the x and y directions. The resulting image has a different aspect ratio than that of the object.
in which the relative magnifications in the x and y directions are not equal. This can be accomplished by replacing a pinhole aperture with a pair of crossed slits, separated in space along the imaging axis.
The separation between slits decouples the magnification in the axial and transaxial directions, creating a projection with a different aspect ratio than that of the object being imaged [8] . A simple cartoon of this configuration is shown in Figure 1 . When the vertical slit is closer to the object than the horizontal slit, this aperture configuration produces images with high transaxial resolution, and a reduction in the extent of the axial artifacts seen in reconstructions of pinhole-acquired images [9] , [10] . This crossed-slit aperture has been implemented in an adjustable system configuration. The magnifications in the x and y directions are determined by adjusting the relative distances between the object, slits, and detector such that each acquisition fills the detector area [11] .
III. SY STEM DESIGN
The anamorphic system makes use of a high-resolution silicon detector, copper-tungsten crossed slits, and a number of positioning stages to control the relative magnifications and FOV for a given acquisition. The following sections will describe the design and operation of each system component, as well as the range of adaptive configurations of the complete system. A photograph of the assembled system is provided in Figure 2 . 
A. Silicon double-sided strip detector
The double-sided strip detector (DSSD) used in this system features a millimeter-thick silicon detector with a 60 mm x 60 mm active area manufactured by Sintef, and readout electronics produced by Gamma-Medica/Ideas, both located in Norway. There are 1024 conducting strips on each side of the detector, which are oriented orthogonally with respect to the strips on the opposite side. A photograph of the detector and a conceptual diagram of the DSSD configuration are provided in Figure 3 . When a gamma ray is absorbed in the detector bulk, the resulting charge cloud is separated by the 300 V reverse bias: electrons are swept to the N side of the detector, and holes to the P side. This outward charge movement induces a current at one or more strips on each side of the detector, which can trigger the electronics to report a detected event. The following section provides information about the triggering and readout cascade and other operating characteristics of this detector.
1) Triggering and electronic readout:
The triggering and readout of the signals detected at strips are accomplished by VaTaGP6 application-specific integrated circuits (ASICs) from Gamma-Medica/Ideas [12] . Each ASIC is responsible for mon itoring 128 conducting strips; eight ASICs are required on each side of the detector. User-specified DACs must be adjusted for each channel to match the triggering characteristics across all 1024 strips for optimal detector uniformity [13] . Figure 4 provides a diagram of the triggering logic for a single channel.
The signal on a single detector strip is monitored with two separate arms in the ASIC circuitry. A "slow" arm shapes the signal from the strip and a sample-and-hold register stores the value of the most recent signal peak, while a "fast" arm trades signal-to-noise for a faster timing signal. When the signal in the fast arm surpasses a DAC-determined threshold, a pulse generator fires sample and hold registers in the slow arm and signals the readout logic in a field-progranunable gate array to initiate a read-out that returns stored values in the slow arm and assigns timing information to the detected event.
The resulting list-mode data stream is a concatenation of time stamps and independent event information from both sides of the detector; events from each side must be paired using the timing information to determine the location of the gamma-ray absorption.
The reported event data includes the address of the triggered strip and an ADC value represending the output of the slow arm of the triggering circuit. The user may also direct the detector to report the ADC values of the strips on either side of the triggered channel. The collection of ADC values are useful for estimating the energy deposited in the detector and can be used to reject events which do not fit a particular profile. This topic is discussed in more detail in Section VII below.
2) Operating energy range: The millimeter-thick silicon detector has a low stopping power for many of the gamma-rays produced from radiotracers used in clinical SPECT imaging, but its absorption characteristics are appropriate for detecting energies between 15-60 keY [14] . The detection efficiency can also be increased with stacks of detectors to increase the effective silicon thickness [15] . Table I lists the gamma-ray energies in the 1 251 emission spectra and the percent absorbed in one millimeter of silicon: the total 1 251 detection efficiency is 28%. 
3) Intrinsic resolution:
With 1024 x 1024 crossed strips, the detector has a total of 1024 2 detecting elements, for true megapixel resolution. The large number of effective pixels formed by the crossed strips of the DSSD permit us to form images with very high intrinsic resolution. Figure 5 provides an example of the images acquired of brachytherapy rods with the crossed-slit system for two slit widths.
4) Detector enclosure:
The DSSD is mounted vertically in an enclosed box designed in SolidWorks ™ and fabricated in black plastic with a rapid prototyping printer. The enclosure is necessary to shield the detector and ASICs from ambient light, and to provide protection to the thousands of delicate wire bonds connecting the detector, ASICs, and electronic boards. An exhaust fan circulates air through the box across the ASICs, which operate 30-35 degrees C above the ambient temperature without the fan, and 15-20 degrees C above the ambient temperature with adequate air flow. The fan connects to a port in the detector enclosure through an eight-foot hose, which minimizes electrical interference in the detector by positioning the fan at the opposite end of the lab bench. All power, data, and temperature probes enter the enclosure through a series of light-blocking baffles on the opposite side of the box that also serve as the air intake port.
B. Crossed slits
The high-precision slits developed for this system consist of two pairs of five-millimeter-thick machinable 20% copper/ 80% tungsten blades with a 30-degree half-keel edge and 280-j. lm bevel. These blades are mounted to aluminum plates; one blade is fixed and the other is permitted to slide on brass ball bearings. Spring pressure between the blade plates maintains the slit width determined by linear actuators mounted on the side of the slit frame, which can be adjusted in 200-nm steps. A close-up view of the slits' interior construction is provided in Figure 6 .
C. Adjustable components
In addition to the two linear actuators that specify the slit width, six other stages control the positioning of the object and two slits with respect to the fixed detector enclosure. The slits are mounted to individual plates on a single Velmex linear stage with a dual lead screw; this stage controls the relative separation between the slits. The stage supporting the two slits is mounted on top of a second linear stage, which moves the separated slits between the object and the detector. Four stages control the object positioning: two Velmex stages position the object in x and z, and a Thorlabs motorized labjack controls the y position. The object is mounted on a Velmex rotation stage attached to the x-stage. The linear Velmex stages can be moved in steps of 2.5 j. lm. Table II lists the range of motion of each of the adjustable stages in the system.
D. System specifications
These components combine to form an extremely flexible SPECT system, which can be configured to support magnifi cations between 0.85-4 and FOVs between 15 mm x 15 mm and 70 mm x 70 mm, though the transaxial FOV cannot be larger than the axial FOY. Sensitivity and resolution can be controlled further by adjusting each slit's width between 50 I-lm and 4 mm. 
IV. GEOMETRIC CALIBRATION
It is not pragmatic to directly measure and store a full H matrix for this adaptable system [11]: a full measured system matrix with 101 3 voxels requires 235 TB for a single acquisition geometry, as shown in Table IV . As an alternative, we can model any system configuration with a small set of parameters from which we can generate elements of the system matrix as needed. The following section discusses the geometric model for the crossed-slit configuration and the calibration and estimation techniques employed to determine the geometric system parameters.
A. Geometric system parameters and forward model
Beque et. al. describe the geometric parameters necessary to characterize a single-pinhole SPECT camera [18] ; we have modified this model to include the additional parameters required to describe the multiple apertures in our system. For a non-rotated detector with sides parallel to the horizontal and vertical slits, the center of the PSF projection on the 2D detector face (u, v ) for a point source located at (x, y, z) can be expressed as:
where the parameters are illustrated in Figure 7 and correspond to the descriptions listed in Table V. In the more general case where the detector is not located in a plane parallel to the slits, we calculate the intersection of the central ray with a tilted detector plane (x', y', z ' ) and rotate the resulting point back to the normal position to determine the absolute pixel position (u, v ) : (2) where S d is the distance in the z-direction between the center of rotation of the object and the center of the detector, and The geometric model assumes that the slits are oriented orthogonally with respect to each other, and that the object's axis of rotation is parallel to the vertical slit. It should also be noted that the point (u, v ) as defined above is specified in units of distance and requires a further arithmetic transformation to obtain the actual pixel number.
B. Test and calibration with sealed sources
Clinical brachytherapy rods are convenient alternatives to point sources for high-resolution calibration and test pro cedures. We have fabricated a number of plastic phantoms with a rapid-prototyping printer that allow us to create small test objects with known geometries for system characteriza tion. These hermetically sealed sources minimize the risk of contamination from long-half-life isotopes during testing. We currently use Isoaid sources for 125 1 applications; the 125 1 is adsorbed onto the surface of the internal 500-�m-diameter silver rods [19] . Best Medical, International manufactures the 103 Pd brachytherapy seeds, each containing six 500-�m diameter active ion-resin beads and a tungsten spacer [20] . Diagrams of the internal structures of these seeds are shown in Figure 5 (a).
C. Calibration technique
We extract information about the system geometry by mea suring a set of projections of a known phantom (Figure 8(a) ) Diagram of the geometric parameters described in Table Y . Geometric parameters determined by the vertical slit (a) and horizontal slit (b) with respect to the defined center of the FOY and center point of the detector. Detector rotation parameters (c), shown as seen from the object position, are defined with respect to the center point of the detector. We also estimate 10 nuisance parameters to compensate for small offsets in the calibration phantom.
at multiple magnification settings, shown in Figure 8(b) . We estimate the parameters using a contracting-grid method [21] in which we forward project the known object through sets of possible system configurations described by parameters sampled from across the parameter space spanned by n. The predicted data is compared to the measured data with a cost function that sums squared distances between predicted and observed locations for each data point:
when {e, ¢, 'VJ} = 0 and where (4) The vector n represents the nuisance parameters describing offsets in the geometric phantom listed in Table V .
The maximum-likelihood contracting-grid method mlm mizes the differences between a measured set of centroids 
V. GPU-ENABLED RECONSTRUCTION
The large number of detector elements and high-resolution voxel space make it impractical to store and manipulate a full system matrix during image reconstruction. However, our calibrated geometric parameters fully describe the system (c) Fig. 8 . A Solidworks™rendering of the geometric phantom used during calibration (a). The phantom allows five 4.7 mm x P'800f.Lm cylindrical brachytherapy rods to be inserted into holes at predetermined heights and radial distances from the center of the phantom to represent an object's size. In this example, we acquired five sets of calibration data obtained with five rods located at a radial distance of 6 mm from the center of rotation and vertically separated in 7.5 mm increments. A total of 1500 centroid measurements (superimposed over a single projection image) extracted from brachytherapy rod projections form the data set from which the geometric parameters are extracted (b). A contracting-grid algorithm employs maximum-likelihood methods to minimize the difference between measured (red) and estimated centroid positions (green) (c). configuration, allowing us to generate required portions of the system matrix on the fly during reconstruction. Recent advances in parallel computing permit the use of consumer grade graphics processing units (GPUs) to implement fast image-reconstruction algorithms [23] . We have implemented a reconstruction algorithm on graphics processing units (GPUs), estimating the object with iterative ML-OSEM techniques:
where f is a vector containing estimates of each voxel f i, g is the collection of measured projection images, and H is the geometric system matrix. One OSEM iteration can be broken into three major steps:
For each voxel f j: 1) Forward-project the current estimate of the object f through the system to calculate an estimate g of the measured data.
2) Scale the measured data g by the calculated estimate g and back-project it through the system. 3) Scale the current voxel estimate by this value and divide by the system sensitivity.
This algorithm requires each component of the system matrix for both the forward-and back-projection steps; a large amount of RAM would be required to hold the full system matrix in memory. Fortunately, the multicore GPU structure is readily adaptable to H matrix calculation. The elements of the system matrix are never stored, but recomputed on the fly from the geometric system parameters as required. For each voxel, we employ the following method to generate the corresponding point spread function (PSF): During reconstruction, the required portions of the H matrix are computed on the fly in the GPU. One computational block considers a subset of pixels containing a single PSF (blue); each thread within the block computes the approximate irradiance detected at one pixel (red) within the PSF block.
1) Forward-project voxel center along slit edges to deter mine the corners that define the PSF boundaries 2) Identify the geometric center of the PSF and calculate the radiometry corresponding to this point 3) One computation block within the GPU calculates the pixel values of the detector area surrounding a single PSF 4) Each thread within the GPU block approximates the extent to which a single pixel is illuminated by summing subpixels whose centers lie within the PSF boundary and assuming the radiometry is constant across the small 59 �m x 59 �m pixel:
The SenSitIvIty matrix the system can be pre-computed and stored at the before the first iteration of the OSEM algorithm. The back-projection step is accomplished by again implement ing the forward model [23] : forward projections of each voxel iJ generate the elements hi,j associated with the PSF. The index i permits the association of the measured data gi with the voxel f j, and the backprojection is performed piecewise for all elements in g as each individual product hi,jgi is added to element j of a temporary matrix. By generating elements of the system matrix on the fly, high-resolution reconstructions can be performed on a single NVIDIA GeForce GTX 580 desktop graphics card, which features 512 computing cores and 3GB of onboard memory. The results of these intensive computations are presented in the following sections.
VI. SPAT IAL RESOLUTION
Separated slits require that the geometric spatial resolution is described in both axial and transaxial directions:
where Rg is the effective slit width and Ri is the pixel size. The high intrinsic resolution of the DSSD implies that the system resolution is dominated by aperture geometry, though this blur can be partially compensated in ML-based iterative reconstructions by incorporating an accurate forward Energy (keV)
(c) Fig. 11 . ADC values from the triggered channel and its adjacent strips are used to estimate the detected energy and remove common-mode fluctua tions (a). Smoothed and normalized energy spectra for four isotopes on one p-side strip (b). The median energy resolution at the monoenergetic 2 4 1 Am peak is 9.24% at 59.54 keY. Calibrated energy spectra allows discrimination between events from 1251 and 1 03 Pd. Energy information calculated from the list-mode acquisition data is used to parse events from each side of the detector before gamma-ray absorptions are identified. Each resulting data set is reconstructed separately and recombined in post-processing. A multi-energy reconstruction of 1251 and 1 03 Pd brachytherapy rods (c). The 255 x 255 x 255-voxel reconstruction was performed on 60 lO-minute projections acquired with 250-�m slits using five iterations of OSEM with five subsets. model in the calculations [24] . Figure 10 shows cross-sectional slices through a reconstruction of a radial brachytherapy rod phantom imaged through 250-�m slits. The non-radioactive center of each 125 1-coated rod is clearly visible, demonstrating higher resolution than that predicted by the geometric model, as expected.
VII. ENERGY RESOLUTION
The DSSD's electronics permit the readout of nearest neighbor data to measure the deposited energy; the median of the remaining surrounding strips can be used to correct for time-varying common-mode effects in the ADC signals 10. When 2N + 1 channels are read out per trigger event, the energy-corrected event data gi is calculated as: 
VIII. CONCLUSIONS
We have developed a high-resolution, anamorphic small animal SPECT system. Replacing the standard pinhole aper ture with independently adjustable crossed slits allows us to adapt the system configuration for make full use of the megapixel gamma camera face. Geometric system parameters can be extracted with contracting-grid estimation of projec tions of a known phantom containing extended brachytherapy sources. We have used these system parameters to perform on-the-fly PSF generation as part of an OSEM reconstruction routine using a consumer-grade graphics processor. The energy information obtained from each gamma-ray event provides sufficient energy resolution to support multi-isotope acquisi tions of 125 1 and 103 Pd.
